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Axonal interactions, which are mediated by cell adhesion molecules (CAMs) as well as other types of membrane proteins,
are important for sensory axon pathfinding in the developing chick hindlimb. We have previously shown that injection of
antibodies that block the function of either G4/L1 or N-cadherin into the limb, starting when the first sensory axons reach
the plexus, alters the segmental pattern of projections along cutaneous nerves. Specific removal of polysialic acid from
NCAM using the enzyme endoneuraminidase N (Endo N) also resulted in significant changes in cutaneous projection
patterns, while injection of antibodies against NCAM itself had no obvious effect (M. G. Honig and U. S. Rutishauser, 1996,
Dev. Biol. 175, 325–337). To help understand the cellular basis for these findings, we developed a tissue culture system in
which the axons from dorsal root ganglion explants grow within defined laminin lanes and examined whether the same
treatments increased or decreased a growth cone’s tendency to be closely associated with neighboring axons. After 2 days
in culture, images of the cultures were recorded, antibodies or Endo N was added, and images of the same fields were
recaptured an hour later. To quantify the results, growth cones located in defined regions of the laminin lanes were
classified, before and after the perturbation, as “free” (i.e., growing primarily on the laminin substratum), “fasciculated” (i.e.,
growing tightly along other neurites), or “intermediate” (i.e., growing both on the laminin substratum and in contact with
other neurites). We found that anti-G4/L1 and anti-N-cadherin, but not anti-NCAM, caused an increase in defasciculated
growth cones, whereas Endo N resulted in an increase in fasciculated growth cones. These changes in fasciculation are
consistent with the changes in cutaneous projections seen in our previous in ovo perturbations. The results from these
tissue culture experiments thus provide strong support for the idea that one mechanism by which CAMs affect sensory axon
pathfinding in vivo is by regulating the affinity of sensory growth cones for neighboring axons, which in turn can modulate
the growth cone’s ability to navigate through the surrounding environment. © 1998 Academic Press
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INTRODUCTION
During development, growing axons use numerous cues
to navigate to their targets. These cues can emanate from
the target itself, from tissues along the pathway to the
target, and from axons encountered while en route to the
target. As with cues from target and intermediate tissues,
cues coming from other axons can be either attractive or
repulsive. Attractive or adhesive cues provided by neighbor-
ing axons are mediated in large part by cell adhesion
molecules (CAMs). The importance of CAMs in axonal
pathfinding in the vertebrate nervous system has been
examined primarily through the use of specific antibodies
that block the functions of particular CAMs (Tang et al.,
1994; Bastemeyer et al., 1995; Stone and Sakaguchi, 1996;
Weiland et al., 1997). We have previously used this ap-
proach to investigate the role CAMs play in sensory axon
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pathfinding in the developing chick hindlimb (Honig and
Rutishauser, 1996). We found that blocking the function
either of G4/L1 or of N-cadherin, but not of NCAM,
starting when the first sensory axons reach the plexus,
resulted in changes in the segmental pattern of projections
along cutaneous nerves. Removing polysialic acid (PSA)
from NCAM, which then allows increased interaction
between adjacent cells (Landmesser et al., 1990; Acheson et
al., 1991; Yang et al., 1992; Zhang et al., 1992), also
produced significant changes in cutaneous projection pat-
terns. In each of the various situations in which cutaneous
projections were altered, contributions from DRGs whose
axons had to cross the anterior–posterior axis of the plexus,
that is, the longest and most complex route, were de-
creased.
To help us understand the results of these in ovo pertur-
bations, and thus how CAMs influence pathfinding, we
wanted to more directly examine how perturbing CAM
function affects sensory axon fasciculation. This can be
done most readily in tissue culture, where individual neu-
ronal processes and growth cones are easily visualized.
There are numerous reports of the effects of anti-CAM
antibodies on neurite outgrowth in culture (Rutishauser et
al., 1978; Hoffman et al., 1986; Chang et al., 1987; Lagenaur
and Lemmon, 1987; Bixby and Zhang, 1990; Drazba and
Lemmon, 1990; Doherty et al., 1991) which could poten-
tially bear on this issue. However, in each case the fact that
several critical parameters (different tissue, species, embry-
onic age, substrate, antibody reagent, and dose) could not be
matched with our in vivo study required that we carry out
our own precisely tailored studies.
In vitro experiments of this type have shown that neurite
bundles extending from DRG explants are narrower in
cultures grown in the presence of either anti-G4/L1 or
anti-NCAM than they are in control cultures (Rutishauser
et al., 1978, 1985; Hoffman et al., 1986). However, a
limitation of this assay with respect to understanding
pathfinding mechanisms is that it focuses on neurites
rather than on growth cones. In order to determine how the
perturbations used in our previous in vivo studies affect
growth cones, we sought to provide a means by which the
incidence of growth cone–neurite encounters would be
greater than when neurites extend out radially from ex-
planted DRGs. Accordingly, we created a patterned substra-
tum consisting of several narrow lanes of laminin so that
the axons growing out of a DRG explant would be forced
into a confined space and thereby into contact with one
another. The strategy we took was to count how many of
the growth cones in a defined region of the culture dish
were spread primarily on the laminin substratum, how
many were primarily apposed to other neurites, and how
many were intermediate in classification, before the pertur-
bation and again 1 h later. The changes in the percentage of
growth cones in each category that occurred with each
treatment thereby showed whether that treatment in-
creased or decreased the tendency of growth cones to grow
in close association with other neurites. Although we did
not directly visualize how growth cones attained their
positions, we could then infer from our static analysis that
some perturbations (i.e., PSA removal) caused growth cones
to fasciculate and other perturbations (i.e., blocking G4/L1
or N-cadherin function) caused growth cones to defascicu-
late. These results are compared with their in vivo coun-
terparts and provide new insight into some of the cellular
behaviors that underlie axon pathfinding in the plexus.
MATERIALS AND METHODS
Preparation of Culture Dishes
Culture dishes were prepared by cutting holes, 1 cm in diameter,
in the bottoms of 35-mm plastic petri dishes and gluing an
acid-cleaned glass coverslip to the bottom of each dish (Honig and
Burden, 1993). This created a central well for culturing that held
;100 ml of medium. A patterned laminin substratum was made on
the coverslip in the following way (Fig. 1). A strip of laminin ;2
mm wide and ;7 mm long was applied to the coverslip using ;3 ml
of a 100 mg/ml laminin solution [in phosphate-buffered saline
(PBS)], with the location of the strip being marked on the underside
of the dish. After the laminin was allowed to adsorb to the glass for
about 45 min at 37°C, the dishes were washed with sterile PBS. A
series of scratches, each 70–100 mm wide, was made to divide the
laminin strip into five lanes, each ;200 mm wide, using Dumont
No. 5 forceps whose tips had been ground down to an appropriate
size and glued so that they were separated by ;200 mm. The
scratches removed the laminin from the coverslip; neurites later
avoided the scratched areas. One of the far ends of the laminin strip
was left unscratched to provide an area for the explant to attach.
About 1–2 mm from this end of the laminin strip, a narrow scratch
(;50 mm wide) was made at right angles to the other scratches.
Although neurites readily crossed this scratch, it helped slow the
migration of nonneuronal cells down the laminin-coated lanes.
Finally, wide scratches were made along the perimeter of the
laminin strip to further help constrain neurite extension. To block
the later adsorption of proteins in the medium to the culture
surface, dishes were stored in PBS containing 20 mg/ml bovine
serum albumin (BSA) for several hours while tissue was prepared
for explantation. The PBS/BSA was replaced with culture medium
(see below) shortly before plating.
Preparation of Cultures
White Leghorn chick embryos were incubated for 61
2
days until
stage 30 (Hamburger and Hamilton, 1951). Lumbosacral DRGs
1–8, which innervate the hindlimb, were removed and dissected
free of attached nerve roots and excess connective tissue. Each
DRG was cut into two or three pieces and one piece was plated in
each of the culture dishes that had been prepared. The explants
were initially plated in 100 ml of medium until they had attached
and then an additional 1 ml of medium was added to each dish. The
medium used was one that had previously been found to enhance
survival of DRG neurons in dissociated cell cultures (Honig and
Burden, 1993) and consisted of a 1:1 mixture of conditioned muscle
medium with 5% chick embryo extract and a “DRG neuron”
medium of the following composition: Coons modified F12, 2%
heat-inactivated horse serum, 2 mM glutamine, 8 mg/ml methyl-
cellulose, 40 mg/ml conalbumin, 12 mg/ml ascorbic acid, 8 mg/ml
insulin, 50 mg/ml penicillin, 50 mg/ml streptomycin, 50 ng/ml
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nerve growth factor, 100 ng/ml sodium selenite, 1025 M adenine-
9b-D-arabinofuranoside, additional KCl so that the final KCl con-
centration in the medium was 19 mM, and additional glucose so
that the final glucose concentration in the medium was 23 mM.
Image Capture
After 2 days of incubation at 37°C in a 5% CO2 incubator,
cultures were screened for usability in the experiments described
below. Cultures in which neurites had extended along one or more
of the laminin lanes at a density at which many growth cones were
present but were not obscured by an excessive number of neurites
were selected. Hepes was added to the medium in these dishes at a
final concentration of 20–25 mM to maintain the pH of the
medium while the culture dish was on the microscope stage.
Cultures were allowed to reequilibrate in the incubator and were
then moved to the stage of an Olympus IMT-2 inverted microscope
which was maintained at 37°C by an Olympus IMT 2-IBSV
incubator. Cultures were viewed with a 403, 0.85 numerical
aperture objective and phase-contrast optics. Images of overlapping
fields of view were captured, as quickly as possible, using a
Newvicon video camera (Dage MTI; series 70) and the software
program Image (Wayne Rasband, NIH). This time will be referred to
as time 1 (t1). Excess medium was then removed from the culture
dish, leaving medium only in the well, to which antibody or
enzyme (see below) was added. The medium was then overlaid
with mineral oil to minimize evaporation. The dish was returned
to the CO2 incubator for about an hour at which time, to be referred
to as time 2 (t2), a second series of images was captured from the
dish. The reason for assessing the cultures at these two times is
described under Analysis of Results below.
Antibody and Enzyme Treatments
The antibodies used were monovalent Fab fragments of rabbit
polyclonal antibodies that had previously been shown to block
function in various culture assays (Landmesser et al., 1988; Zhang
et al., 1992) and which we had previously used in our in ovo
perturbation experiments (Honig and Rutishauser, 1996). Each
anti-CAM was used at two different concentrations without any
statistically significant differences and so the results for each
concentration were combined. Anti-NCAM and anti-N-cadherin
were each used at 220 and 660 mg/ml, while anti G4/L1 was used at
90 and 270 mg/ml in accord with its higher effectiveness in other
experimental situations (Landmesser et al., 1988; Honig and Rut-
ishauser, 1996). In control cultures, either nothing or nonimmune
rabbit Fab fragments (at a concentration of 220 mg/ml) were added
to the medium, again without any statistically significant differ-
ence, and so the results have been combined. Some cultures were
treated with the enzyme endoneuraminidase N (Endo N) which
specifically cleaves PSA from NCAM (Vimr et al., 1984; Rut-
ishauser et al., 1985; Landmesser et al., 1988), at a concentration of
30 U/ml. To verify that Endo N was effective over the time course
of these experiments, some cultures were fixed after either 1
2
or 1 h
and immune stained using the 5A5 antibody to detect PSA
(as described in more detail in (Honig and Kueter, 1995; Honig and
Rutishauser, 1996; data not shown). All additives were always
taken from a high-concentration stock solution so that their
addition did not significantly dilute the culture medium.
Analysis of Results
In order to determine how CAM perturbations affect growth
cone fasciculation, two different approaches can be used to docu-
ment the behavior of individual growth cones before and after the
perturbations. For the detailed description of a small number of
individual growth cones displaying distinctly different behaviors,
videotaping is optimal. However, to compare populations of growth
cones that have subtle but statistically significant behaviors,
observations at a distinct time interval in defined regions from the
culture dish can be more useful and are in fact more appropriate for
the present analysis. This decision was based on previous observa-
tions showing that defasciculating effects are relatively small when
anti-CAMs are present in the culture medium for a short time, and
that changes in fasciculation are smaller when explants are cul-
tured on a substrate that is highly permissive for their growth, such
as laminin, than when they are cultured on a less permissive
substrate, such as collagen (Rutishauser et al., 1985). However, we
felt it important to use laminin for these experiments in order to
closely match the in vivo situation, in which the terrain along
which axons extend into the limb is highly permissive for their
growth.
The static image approach, however, requires using meaningful,
distinct scoring criteria. To do this, we drew on our previous
extensive experience with time-lapse observations of sensory
growth cones under similar conditions (Honig and Burden, 1993;
M. G. Honig, unpublished observations). Three categories for
classifying growth cones based on the time-lapse behaviors of
growth cones, were developed. (1) “Free” growth cones were
defined as those that were spread primarily on the laminin substra-
tum (for example, see long, thin arrows in Fig. 2). Free growth cones
were often, but not always, located near the edges of the laminin
lanes. Free growth cones could lie under another neurite (see also
Wessells et al., 1980) and their filopodia could be in contact with
other neurites, but the body of the growth cone itself or any of its
lamellipodia could not be spread along another neurite. (2) “Fas-
ciculated” growth cones were defined as those that were primarily
apposed to another neurite (see arrowheads in Fig. 2). As shown by
previous time-lapse videotaping experiments (Wessells et al., 1980;
Honig and Burden, 1993; M. G. Honig, unpublished observations),
growth cones that are fasciculated do not necessarily contact only
the neurite they are following, but rather, they can be partly spread
on the substratum and/or their filopodia can extend onto the
substratum. It is likely that some “fasciculated” growth cones were
completely associated with neurites and would have escaped our
detection, but it is unlikely that the extent to which these growth
cones were “missed” would have varied systematically between
treatment groups in this study. (3) “Intermediate” growth cones
were those that were spread partly on the laminin substrate and
partly along another neurite (see short, wide arrows in Fig. 2).
Intermediate growth cones were distinguished from free growth
cones in that part of an intermediate growth cone or its lamellipo-
dia was always closely apposed to another neurite, appearing to be
spread along that neurite and not extending beyond it. Intermediate
growth cones were distinguished from fasciculated growth cones in
that most of an intermediate growth cone’s surface area was spread
on the laminin substrate. Intermediate growth cones included
those that had previously been fasciculated and then began to
diverge from a neurite, as well as those that had previously been
growing independently and then established contact with a neurite.
While it would have been useful to make the distinction between
these two intermediate types, to do so one would have needed to
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trace each growth cone back to its parent neurite, which was not
possible in a complex network of processes.
With subtle effects, eliminating bias becomes essential. For this
purpose, assignment of individual growth cones to the three
categories was carried out by two observers. One of the observers
was instructed as to the morphological criteria for each category,
but had no conceptual basis for biasing the results a particular way.
The other observer had extensive experience with videotaping
growth cones and with the in ovo CAM perturbations. To ensure
consistency, any discrepancies in categorization were resolved by
reexamining images of growth cones classified earlier in the course
of the experiments, which then served as standards for the different
categories.
The analysis made use of montages prepared from printouts of
the captured images. A suitable region, typically between 400 mm
and 1 mm long, of each laminin lane was chosen in which growth
cones could be resolved at both t1 and t2 and were found in a
similar overall density of processes. The boundary of this region on
the side farther from the explant (** in Fig. 1) was chosen on the
basis of having a moderately low neurite density (;10 neurites
crossing) at t1, with some neurites contacting other neurites (Fig.
2A). The boundary on the side closer to the explant (* in Fig. 1) was
chosen on the basis of having a neurite density such that growth
cones could still be readily visualized at t2 (Fig. 2B). Debris on the
dish surface was used to help locate the same boundaries at t1 and
t2. Within this region, at each time point, growth cones were
identified on the computer monitor and assigned to one of three
categories described above. The resolution on the computer moni-
tor was greater than that seen in Fig. 2, and the contrast could be
modified to aid in visualizing growth cones. The number of growth
cones in each category was expressed as a percentage of the total
number of growth cones in that lane at that time point. It should be
noted that, as described under Results, the percentage of interme-
diate growth cones at t1 was quite high because regions were
chosen for analysis on the basis of neurites being sufficiently dense
to allow for an adequate number of interactions between growth
cones and neurites. For each experimental group, the average
change between t1 and t2 (6 standard error for all the laminin lanes
analyzed) in the percentage of growth cones in each category was
determined. The results for each experimental group were com-
pared to those for control conditions using an analysis of variance
and one-tailed post hoc planned comparisons. Comparisons were
considered statistically significant at P , 0.05. For each treatment
group, the results shown in Fig. 3 are based on a total of 418–1067
growth cones at t1 or 470–1182 growth cones at t2, growing within
13–30 laminin lanes, and taken from 4 to 12 separate DRG explant
cultures.
RESULTS
Overall Pattern of Neurite Outgrowth
When DRG explants are grown on a uniform substratum,
neurite outgrowth from the explants is typically radial and
fairly symmetric. However, as many others have shown
previously (e.g., Letourneau, 1975; Gundersen, 1987), pat-
terned substrata can produce patterned outgrowth. The
patterning of the substratum we used here resulted in
neurites growing preferentially down the laminin-coated
lanes (Fig. 1). Although neurites exited the DRG explants
from all sides, those exiting to the left were impeded when
they reached the end of the laminin strip, while many of
FIG. 1. Schematic representation of the pattern of neurite outgrowth from a DRG explant plated on the patterned laminin substratum
used for these experiments. A strip of laminin was applied to a glass coverslip and allowed to adsorb to the glass, and then a series of parallel
scratches was made. This removed the laminin from those parts of the coverslip and divided the laminin strip into five lanes. One end of
the laminin strip was left unscratched to provide an area where a DRG explant was placed. About 1–2 mm from this end of the laminin
strip, a narrow scratch was made at right angles to the other scratches (vertical white line marked by arrows at the top and bottom), which
helped slow the migration of nonneuronal cells down the laminin-coated lanes. The gray represents where laminin remained on the
coverslip. Neurites exited the DRG explant from all sides, but those exiting to the left were impeded when they reached the end of the
laminin strip, while many of those exiting top and bottom were channeled down the laminin lanes. The scratches between lanes prevented
neurites from crossing from one lane to another. Thus, the neurites growing down a given lane were confined to that lane and often forced
into contact with one another. For one of the lanes, the short vertical lines indicate the left (*) and the right (**) borders of an area that might
have been chosen for analysis based on criteria concerning the density of neurites as described in the text.
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those exiting top and bottom were channeled down the
laminin lanes. A separation of 70–100 mm between lanes
was used and found sufficient to block crossing from one
lane to another, consistent with previous work by Hammer-
back and Letourneau (1986), which showed that the maxi-
mum width of a nonpermissive substratum over which
growth cones can extend is related to the length of the
longest filopodia. The neurites growing down each lane
were thereby confined to that lane and often forced into
contact with one another.
That neurites grew along these defined laminin lanes also
allowed us to easily locate defined regions for our analysis.
However, DRG neurites grow quickly on laminin (often at
a rate of ;60 mm/h, with some progressing as fast as 120
mm/h—Kapfhammer and Raper, 1987; Honig and Burden,
1993) and so, during the 1-h time frame of each experiment,
some growth cones entered the measurement “region” and
others exited it. In most cases, there was a small net
increase in the number of growth cones between t1 and t2.
Moreover, the rapid rate of growth meant that it was not
usually possible to identify the same growth cones at the
two different time points. Indeed, this was extremely diffi-
cult even when cultures were reexamined at 10-min inter-
vals (not shown).
Changes in the Extent of Fasciculation
Regions of the laminin lanes were chosen for quantitative
analysis on the basis of having an intermediate density of
neurites, as explained under Materials and Methods. At the
start of the experiments, t1, typically 30% of the growth
cones were free, 10% were fasciculated, and 60% were
intermediate. The percentages of each type of growth cone
at t1 did not differ statistically between the control group
and any of the experimental groups. In the paragraphs below
and in Fig. 3, we present the results of the manipulations by
considering the percentage at t1 as the baseline value and
expressing the t2 result as the change from that baseline.
For example, if the percentage of free growth cones was
30% at t1 and 35% at t2, this would be shown in Fig. 3 as
an increase of 5%.
Under control conditions, over the 1-h time frame of the
experiments, there was a 4.1% decrease in free growth
cones and accompanying increases of 0.8 and 3.4% in
fasciculated growth cones and intermediate growth cones,
respectively. These changes were presumably due to the
cultures becoming more crowded with time and so growth
cones were more likely to contact other neurites and less
likely to be free.
Anti-G4/L1 resulted in a marked increase in free growth
cones, as illustrated by the photomicrographs in Figs. 2A–
2C. In cultures exposed to anti-G4/L1 for 1 h, the percent-
age of free growth cones increased by more than one-third
(from 30.4 to 41.4%). This 11.0% increase in free growth
cones was significantly different (P , 0.00005) from the
4.1% decrease that occurred in control cultures. There were
also accompanying decreases in fasciculated growth cones
and intermediate growth cones. Fasciculated growth cones
decreased by more than one-third (from 13.4 to 8.6%) and
intermediate growth cones decreased from 56.1 to 50.0%.
Both of these decreases were statistically different (P ,
0.00025 for intermediate growth cones; P , 0.02 for fascicu-
lated growth cones) from the increases seen under control
conditions. Thus, anti-G4/L1 caused more growth cones to
be defasciculated.
Anti-N-cadherin resulted in changes in the percentages of
growth cones of each type that were similar to those
produced by anti-G4/L1 but smaller in extent. The 2.8%
increase in free growth cones (from 29.8 to 32.6%) differed
significantly (P , 0.003) from the 4.1% decrease (from 28.9
to 24.8%) that occurred in control cultures. The accompa-
nying 2.1% decrease in intermediate growth cones (from
61.7 to 59.6%) was also statistically significant (P , 0.02)
compared to the increase observed in control cultures.
Thus, anti-N-cadherin resulted in more growth cones being
defasciculated.
When anti-NCAM was added to the cultures, the percent-
age of free growth cones decreased rather than increased.
There was an accompanying increase in the percentage of
intermediate growth cones and a small decrease in fascicu-
lated growth cones. However, these changes were not
statistically different from those occurring under control
conditions, and so they presumably were simply a conse-
quence of the cultures becoming more crowded with time.
In contrast, the changes produced by removal of PSA from
NCAM with Endo N were significant and opposite in
direction to those caused by anti-G4/L1 and anti-N-
cadherin. As shown by the photomicrograph in Fig. 2D,
exposure to Endo N resulted in a marked increase in
fasciculated growth cones. In cultures treated with Endo N,
the percentage of fasciculated growth cones increased by
more than one-half (from 10.0 to 15.7%), with an accompa-
nying decrease in free growth cones (from 29.0 to 24.2%).
The large increase in fasciculated growth cones caused by
Endo N was significantly different (P , 0.044) from the
small increase in fasciculated growth cones (from 10.9 to
11.7%) that occurred under control conditions. Thus, PSA
removal resulted in increased fasciculation of growth cones.
DISCUSSION
The tissue culture experiments described here were ini-
tiated to complement our previous work perturbing CAM
function in intact, developing chick embryos during stages
at which sensory axons growing into the hindlimb make
pathfinding decisions. To help interpret those results, we
needed to know how the different perturbations affected the
extent to which growth cones fasciculate. The methodology
we developed, involving the use of a patterned substratum,
allowed us to look at growth cones in the same area of the
culture dish before and after a particular treatment and thus
avoid problems that can result from variation among cul-
tures. For our analysis, we simply counted how many of the
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growth cones in designated regions of each culture dish
were spread primarily on the laminin substratum, how
many were primarily apposed to other neurites, and how
many were intermediate in classification, before and after
the perturbation. This approach enabled us to determine
whether each treatment increased or decreased the ten-
dency of growth cones to grow in close association with
other neurites. Although we did not directly examine
growth cone behavior, it is nonetheless reasonable to infer
from the changes that occurred that some perturbations
caused growth cones to fasciculate while other perturba-
tions caused growth cones to defasciculate.
Although the effects of anti-G4/L1, anti-NCAM, and
Endo N on DRG explants had previously been examined, it
FIG. 2. Photomicrographs of neurites from DRG explant cultures extending down laminin lanes. (A and B) The same field of view before
(A) and 1 h after (B) anti-G4/L1 was added to the medium. The region shown corresponds to that used for the quantitative analysis of growth
cone type for this particular laminin lane. Over the 1-h time course of the experiment, the field becomes more crowded as additional
neurites originating from the DRG explant, which was plated to the left, out of the field of view, grow into the region. Many of the growth
cones in B are defasciculated and are growing primarily on the laminin substratum. (C) A higher magnification view of the lower left part
of the field shown in B. Examples of growth cones extending primarily on the substratum are indicated by the long, thin arrows. (D) A field
of view similar to that shown in C, but of a culture 1 h after exposure to Endo N. In this case, many of the growth cones are tightly
fasciculated along other neurites (arrowheads). In C and D, examples of intermediate growth cones (i.e., those growing partly on the laminin
substratum and partly along other neurites) are indicated by the short, wide arrows. Calibration bars, 20 mm.
FIG. 3. The effects of different experimental treatments on growth cone fasciculation. Growth cones were classified as being free (i.e.,
growing primarily on the laminin substratum), fasciculated (i.e., growing primarily along other neurites), or intermediate (i.e., growing
partly on the laminin substratum and partly in contact with other neurites). The number of growth cones in each category was expressed
as a percentage of the total number of growth cones in that particular laminin lane at that time point. For each experimental group, the
average change (6 the standard error), for all the laminin lanes analyzed, in the percentage of growth cones in each category occurring during
the 1-h exposure to the anti-CAM or to Endo N is shown. For each experimental group, the results were compared to those for control
conditions using an analysis of variance and one-tailed post hoc planned comparisons. Statistically significant differences (P , 0.05) are
indicated by *. (A) In control cultures, there was a decrease in free growth cones and accompanying small increases in fasciculated growth
cones and intermediate growth cones, presumably because the cultures became more crowded with time. (B) Anti-G4/L1 caused more
growth cones to be defasciculated. There was a marked increase in free growth cones (P , 0.00005) and accompanying decreases in
fasciculated growth cones (P , 0.02) and intermediate growth cones (P , 0.00025). (C) Anti-N-cadherin, like anti-G4/L1, caused
defasciculation. With anti-N-cadherin, there was a statistically significant increase in free growth cones (P , 0.003) and an accompanying
decrease in intermediate growth cones (P , 0.02). (D) Anti-NCAM had no significant effects. (E) Endo N resulted in more growth cones
being fasciculated. There was an increase in fasciculated growth cones (P , 0.044) and an accompanying decrease in free growth cones. The
changes produced by Endo N were opposite in direction to those caused by anti-G4/L1 and anti-N-cadherin.
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was important for us to carry out our culture experiments
in a way that more closely matched our in ovo work. The
importance of this refinement had been highlighted by
earlier studies which showed that the degree of fascicula-
tion under normal culture conditions, as well as changes in
fasciculation produced by anti-NCAM, is different for
DRGs taken from different rostral–caudal levels, and most
notably between those that innervate limbs and those that
do not (Rutishauser et al., 1978, 1985). Variation also exists
between DRGs obtained from embryos of different ages
(Rutishauser et al., 1978, 1985). This is not surprising given
that the levels of CAM expression, and the relative preva-
lence of different forms of a CAM such as NCAM, on DRG
neurons change during development (Chuong and Edelman,
1984; Hoffman et al., 1986). For our studies, we used only
those DRGs that innervate the hindlimb. Matching the age
of the embryo ideally would have meant using DRGs from
stage 25 embryos but, when we attempted this, we found
that neurite outgrowth from the younger DRGs was not
sufficiently dense for our experimental design (M. G. Honig,
unpublished observations). Accordingly, we used as young a
stage as was technically feasible, although we must ac-
knowledge that the effects we report from cultures of stage
30 DRGs may not exactly mimic the effects that would be
seen on younger DRGs. Nonetheless, our experiments
examine the effects of CAM perturbations on DRGs that
are considerably younger than those typically studied by
other investigators.
We found that blocking the function of either G4/L1 or
N-cadherin caused more growth cones to be defasciculated.
The G4/L1 results confirm and extend a previous report by
Hoffman et al. (1986) showing that DRGs explanted from
10-day-old chick embryos and grown in the presence of
anti-G4/L1 had thinner neurite bundles than those grown
under control conditions. (It should be noted that in the
Hoffman paper, G4/L1 is referred to by another of its names,
NgCAM.) Although N-cadherin has long been known to
play a role in cell–cell adhesion (Takeichi, 1991), to our
knowledge, the results reported here are the first to show
that anti-N-cadherin has defasciculating effects on DRG
neurites and growth cones.
More importantly, these tissue culture results are consis-
tent with and help explain our previous findings showing
that injecting the same antibodies into the developing chick
hindlimb alters the segmental pattern of projections along
cutaneous nerves. In limbs injected with anti-G4/L1 or
with anti-N-cadherin, projections from DRGs whose axons
had to cross the anterior–posterior axis of the plexus to
extend along a particular cutaneous nerve were decreased
(Honig and Rutishauser, 1996). Axons destined for the same
cutaneous nerve normally tend to be grouped together in
bundles as they travel into and through the plexus (Honig et
al., 1998). Further, unlike in tissue culture, the growth
cones of individual sensory axons within the plexus are
small (Tosney and Landmesser, 1985) and so may be limited
in the extent to which they can explore their environment.
Finally, when sensory axons first enter the plexus, it is
already occupied by thousands of motoneuron axons (Honig
et al., 1998). Accordingly, it seems likely that if sensory
axons were defasciculated, as the current experiments sug-
gest they would be in limbs injected with anti-G4/L1 or
with anti-N-cadherin, it would be more difficult than it
normally is for them to navigate their way across the
axon-rich terrain of the plexus.
In contrast, under the same culture conditions, we found
that blocking NCAM function had little, if any, effect. This
ineffectiveness of anti-NCAM in our culture assay is con-
sistent with its lack of an effect on the segmental pattern of
cutaneous projections in ovo. A likely possibility is that
exposure to anti-NCAM had no significant effect because
the NCAM on these axons is heavily polysialylated (Land-
messer et al., 1990; Tang et al., 1992; M. G. Honig,
unpublished observations), and so the amount of adhesion
that is mediated by NCAM may already be at a low level
(Sadoul et al., 1983; Hoffman and Edelman, 1983; Rut-
ishauser et al., 1985).
While anti-NCAM had no effect in culture or in ovo,
removal of PSA from NCAM using Endo N resulted in an
increase in fasciculated growth cones (see also Rutishauser
et al., 1985). Thus, the effects of Endo N are the opposite of
those obtained with anti-G4/L1 or with anti-N-cadherin.
This is as expected, given that PSA on NCAM sterically
limits how close together adjacent cell membranes can
come (Yang et al., 1992) and thereby reduces adhesive
interactions between adjacent cells (Acheson et al., 1991;
Landmesser et al., 1990; Zhang et al., 1992). Accordingly,
treatment with Endo N tends to increase cell–cell interac-
tion. It would appear paradoxical, therefore, that the
changes in the segmental pattern of cutaneous projections
produced by PSA removal in ovo were similar to those
produced by anti-G4/L1 and by anti-N-cadherin. However,
although cutaneous axons travel together with other axons
destined for the same nerve, they also appear capable of
making individual pathfinding decisions in the plexus
(Honig et al., 1998). It seems reasonable to assume that the
increased fasciculation produced by Endo N may force
sensory axons to track too tightly along their neighbors
such that they are less able to respond to environmental
cues and thus project in a more topographic manner than
they do normally. This problem would result in significant
projection errors being made primarily by axons that have
to travel across the anterior–posterior axis of the plexus. As
discussed above and in Honig and Rutishauser (1996),
similar consequences are seen in embryos injected with
anti-G4/L1 or with anti-N-cadherin, although the underly-
ing mechanism is different. Furthermore, this interpreta-
tion of the results of PSA removal is consistent with
experiments in Drosophila showing that, following overex-
pression of the CAM Fasciclin II some axons were not able
to diverge from the nerve fascicle in which they were
travelling and consequently failed to innervate their correct
target (Lin and Goodman, 1994; Lin et al., 1994).
The present in vitro data, taken together with our previ-
ous in vivo studies and with the original observations about
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the adhesive properties of these CAMs, allow for a more
complete picture of how perturbing CAM function might
affect sensory axon pathfinding. These observations are
summarized in Table 1. Following along the entries in this
table, it becomes clear that perturbations of CAM function
in simple adhesion assays correlate well with alterations of
growth cone fasciculation in culture, and this in turn
correlates with abnormal patterns of cutaneous axon pro-
jections in the embryo. However, it should be noted that
perturbations of CAM function undoubtedly also influence
other aspects of cellular function, such as axonal growth
itself and interactions between axons and Schwann cells,
which were not monitored in this study (see Honig and
Rutishauser, 1996 for further discussion). Nevertheless, the
consistency of effects seen as one progresses from simple to
increasingly complex processes suggests a direct and signifi-
cant role for CAM-mediated growth cone fasciculation in
sensory axon outgrowth into the developing chick hind-
limb.
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